The recent development of materials for organic field effect transistors (OFETs), including small-molecule and polymer materials, are briefly reviewed, and the problems that remain to be solved prior to practical application and use are discussed. Liquid crystalline materials are good candidates for OFETs because of their advantageous properties over soluble small-molecule materials. Liquid crystalline materials show good solution processability for the fabrication of uniform crystalline thin films using the precursor of uniform liquid crystalline thin films. In addition, liquid crystalline materials having their highly ordered liquid crystal phases show a high thermal durability despite their high solubility. The novel liquid crystalline material 2-phenyl-7-decyl [1]benzothieno [3,2-b][1]benzothiophene exhibits a highly ordered liquid crystal phase, the Smectic E (SmE) phase, which has good solution processability for uniform crystalline thin films by the precursor of uniform SmE thin films, shows high thermal durability and solubility, and can be used for transistor devices having a high mobility, over 10 cm 2 Vs − 1 , by thermal annealing at 120°C for 5 min. Thus, liquid crystalline materials are good semiconductor materials for organic transistor applications instead of polymer materials. 
INTRODUCTION
Materials for organic field effect transistors (OFETs) have attracted considerable attention since their high mobility of over 1 cm 2 Vs − 1 , comparable to that of amorphous silicon FETs, was reported in polycrystalline thin films of pentacene fabricated by vacuum evaporation. 1 OFETs are very attractive for device applications because they can be fabricated even at room temperature to create flexible electronics on plastic substrates. Recent materials research for OFETs has been focused on soluble OFET materials because of their device applications in printed electronics. In this review, the recent development of OFET materials is briefly discussed, including the use of small molecules and polymers, and the remaining problems to be solved for their practical applications are discussed. Then, a new candidate for OFET materials, that is, liquid crystals, as a self-organizing molecular semiconductor, is discussed, focusing on how liquid crystallinity can solve the existing problems, and its high potential for OFET applications is demonstrated with a highly ordered smectic liquid crystal of 2-phenyl-7-decyl[1]benzothieno [3,2-b] [1] benzothiophene (Ph-BTBT-10). 2 
SMALL-MOLECULE OFET MATERIALS
For high mobility, molecules with an extended π-conjugate system as represented by pentacene are considered promising. 1 However, such materials show poor solubility in common organic solvents because of their strong π-π interactions. In the 2000s, materials research for OFETs became focused on not only high mobility but also improved solubility in common organic solvents. Various soluble small-molecule p-channel and n-channel OFET materials have been proposed, such as TIPS-Pentacene, 3 C 8 -BTBT, 4 C 10 -DNTT, 5 C 10 -DNT-VW, 6 C 10 -DNBDT 7 and PTCDI-C13, 8 as shown in Figure 1 , in which the π-π interaction of the extended π-conjugate system is weakened to improve the solubility by incorporating either long alkyl chains, a bulky moiety or an asymmetric molecular shape around the molecular axis. OFETs with these crystalline films fabricated by a solution process show high FET mobilities over 1 cm 2 Vs − 1 .
However, there are two issues that remain to be resolved in soluble small-molecule OFET materials. One is the poor uniformity and surface morphology of crystalline films because of the random recrystallization of the OFET materials on the substrate during the solvent evaporation, which results in a wide variation in the FET performance from device to device in large-scale circuits. The other is the thermal durability of the films, particularly in soluble OFET materials that are chemically modified with long alkyl chains, in which the melting point is significantly reduced; for example, the melting point is ca. 200°C in BTBT, 9 but it is reduced to ca. 100°C in dialkyl BTBTs. 4 The adoption of larger core systems such as DNTT 5 and DNBDT 7 unfortunately always result in poor solubility because of a trade-off between the solubility in solvents and the melting point, so that it is quite difficult to satisfy both requirements. 
POLYMER OFET MATERIALS
In the 1980s, films of π-conjugated main-chain polymers such as polythiophene derivatives were proposed for OFETs, but the FET mobility was limited to 10 − 5 to 0.1 cm 2 Vs − 1 10,11 because of the poor crystallinity of the films. In the 2000s, to improve the molecular orientation and crystallinity of the films, the use of regioregular polythiophene (P3HT) was proposed, and the mobility was improved up to 0.1 cm 2 Vs − 1 . 12 Then, a liquid crystalline polymer of poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene was synthesized, and the mobility was improved up to 0.6 cm 2 Vs − 1 after thermal annealing at 180°C for 15 min. 13 Recently, the use of a new type of π-conjugated main-chain polymer, that is, donor-acceptor (D-A) polymers (for example, CDT-BTZ-C 16 and DPP polymers), was proposed, which is a breakthrough in polymer OFET materials because of their high mobility of over 1 cm 2 Vs − 1 . 14,15 P(NDI2OD-T2) was proposed as an n-channel OFET material and showed a high mobility of 0.2 cm 2 Vs − 1 . 16 More recently, Tseng et al. 17 obtained very high mobility (~20 cm 2 Vs − 1 ) using PCDTPT polymer. Figure 2 shows examples of polymer materials that exhibit high FET mobility.
The polymer OFET materials have a great advantage over smallmolecule OFET materials in terms of their film-forming ability and thermal durability due to the high molecular weight of the long molecules. However, the control of the molecular alignment in the films is not easy for the same reason, necessitating thermal annealing at a high temperature, often at 200°C, and/or special surface treatment to improve the molecular orientation both on the substrate and in the source-drain electrodes. Other problems in the use of polymer materials are their reproducibility of synthesis and purification compared with that of small molecules.
LIQUID CRYSTALS AS OFET MATERIALS
Liquid crystals entered the family of organic semiconductor materials after the discovery of electronic conduction in their mesophases in the 1990s. However, little attention was paid to them in spite of their easy fabrication into uniform films and the easy control of their molecular orientation in a self-organized manner. In the 2000s, liquid crystals were reported as organic transistor materials. Liquid crystals can be used to fabricate OFETs in either liquid crystalline or crystalline thin films because they exhibit both phases at different temperatures.
Garnier et al. 18 studied OFETs of dialkyl-oligothiophene derivatives, in which the alkyl chains attached to an oligothiophene affected the solubility and the molecular assembly of the molecular layers, and OFETs of dihexyl-quaterthiophene, which showed a liquid crystal phase, that were fabricated by spin-coating at a high temperature. 19, 20 The Phillips research group then studied thienylethynyl-terthiophene derivatives as liquid crystalline organic semiconductors and succeeded in fabricating single-domain crystalline OFETs by a phase transition from a nematic phase on an alignment layer, 21 whereas Funahashi et al. 22 reported the FET performance in the liquid crystalline phase of a phenyl-terthiophene derivative (3-TTP-Ph-5). The FET mobility of these FETs was up to 10 − 2 cm 2 Vs − 1 . Figure 3 Chemical structures of typical liquid crystalline materials for organic transistors.
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There have been many reports on the FET performance of OFETs fabricated from crystalline thin films of liquid crystals including di-thienyl-naphthalene, 23 hexabenzocoronene, 24 bis-(5'-hexylthiophen-2'-yl)-2,6-Anthracene 25 and dialkyl-BTBT derivatives, 4 as shown in Figure 3 . However, the liquid crystallinity in these materials was overlooked, and its benefits have not been utilized in device fabrication.
We have studied liquid crystals as a self-organizing molecular semiconductor since we discovered electronic conduction in a smectic liquid crystal of phenyl-benzothiazole derivatives 26, 27 , and observed that the unique properties of liquid crystals could be utilized in film fabrication processes for the improvement of various important properties of OFET materials. It is worth noting that the liquid crystallinity that often appears in soluble OFET materials is not accidental but, quite possibly, occurs because the molecular design of chemical modification with long alkyl chains for the enhancement of the solubility, as described above, is the same strategy as the molecular design for liquid crystalline materials. Hereafter, we discuss how the liquid crystallinity in OFET materials can be utilized, based on our studies.
Solution processability of liquid crystals
Smectic liquid crystals exhibit a soft nature compared with crystalline materials and tend to align vertically on a substrate in a self-organized manner because of their anisotropic molecular structure, also exhibiting high solubility in organic solvents because of their long side chains. These properties are quite helpful for the solutionprocessing fabrication of thin films. In fact, very uniform and 
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film of 8-TTP-8 spin-coated at its liquid crystalline temperature. They indicate that the film is very uniform and has some crystal grains of 40 μm in diameter, making it quite different from the vacuumdeposited films of pentacene and oligothiophenes resulting from the crystal growth of molecules on the substrate that have many and more irregular grains. Furthermore, the surface morphology of the film is so molecularly flat that a molecular step of 3.2 nm, which is in good agreement with the molecular length of 8-TTP-8, is observed by AFM measurements, as shown in Figure 5a . These findings are not particular to 8-TTP-8 but quite generally apply to various liquid crystals, irrespective of the presence of smectic phases. 30 The crystalline thin films have a vertical alignment of molecules on the substrate because the XRD result in the out-of-plane configuration has only a small-angle region, as shown in Figure 5b . Aligned crystalline thin films are created by the molecules aligning in the liquid crystal phase, and the state is maintained after cooling to room temperature in the crystal phase. This is a suitable alignment for OFET devices. In fact, the OFET result of 8-TTP-8 indicates a mobility of over 0.1 cm 2 Vs − 1 despite its small core size based on a terthiophene derivative. 28 The crystalline thin film is in a liquid crystalline sandwich cell, where the molecules are aligned in a planar manner on the substrate, and the molecules are kept in a planar alignment on the substrate. The mobility evaluated by the time-of-flight technique is 0.2 cm 2 Vs − 1 , which is the same value as the FET mobility. 31 These results indicate that the liquid crystalline materials can be used not only in planar devices such as FETs but also in vertical devices such as organic ELs and organic solar cells.
The liquid crystallinity of OFET materials helps to achieve good molecular alignment and crystallization by annealing for thin films of not only liquid crystalline polymer materials 32 but also liquid crystalline small molecules. 30 The FET mobilities increase twice by thermally annealing the liquid crystal phases. In liquid crystalline small molecules, annealing at the temperature in low-ordered smectic phases such as SmA is more effective than that at the temperature in highly ordered smectic phases.
High durability for thermal processes OFET materials chemically modified with long alkyl chains exhibit low melting points, as described above, which is due to their weakened π-π interactions. C 8 -BTBT melts at~100°C, which is not high enough for the thermal processes to occur in device fabrication. C 8 -BTBT exhibits a liquid-like smectic mesophase of SmA, 33 which is responsible for the low thermal durability. This problem could be solved if the OFET materials exhibit any highly ordered smectic mesophase: because the highly ordered smectic mesophases exhibit a solid-like nature, their crystalline films can stay in film form when heated at their temperature range and go back to the crystal state when cooled down to the crystallization temperature; this gives the crystalline film high thermal durability. This was demonstrated with a SmE liquid crystal of Figure 6a , which exhibits a SmE phase in the temperature range from 131 to 180°C. 8-Tp-BTBT crystalline films can maintain their film form and never melt into a droplet when heated at 150°C, as shown in Figure 6c . Figure 6d exhibits FET mobility in bottom-gate top-contact FETs fabricated with C 10 -BTBT (10-BTBT-10) and 8-Tp-BTBT, which exhibit SmA and SmE phases, respectively, after being subjected to thermal stress at a given temperature for 5 min. The FET fabricated with 8-Tp-BTBT can be operated well even after undergoing thermal stress at 150°C for 5 min, whereas the FET from C 10 -BTBT is substantially degraded because the C 10 -BTBT is melted, as shown in Figure 6b . 34, 35 A novel smectic liquid crystalline OFET material, Ph-BTBT-10 Taking account of the advantages of highly ordered smectic liquid crystals for OFET materials discussed in the previous sections, Ph-BTBT-10 was designed and synthesized to demonstrate its high potential as a soluble OFET material, as shown in Figure 7a . Ph-BTBT-10 shows a narrow solubility of 2 g l − 1 in toluene at 20°C for solution processes and exhibits a SmE phase from 142 to 210°C in the heating process and from 210 to 98°C in the cooling process. 2 Uniform polycrystalline thin films can be prepared by spincoating at a temperature for the SmE phase, for example, 110°C, as shown in Figure 7b and c, with no cracking occurring due to the small difference in the thermal-expansion coefficients for the SmE phase and crystalline phase of the lattice.
OFETs fabricated with this film exhibit excellent p-channel operation, as shown in Figure 8a , with a FET mobility estimated to be 2.1 cm 2 Vs − 1 . The FET transfer characteristics were significantly improved, and the drain current dramatically increased up to 10 − 3 A when the FETs were thermally annealed at 120°C for 5 min. The FET mobility in the saturation region was enhanced up to 22.4 cm 2 Vs − 1 , as shown in Figure 8a . The variation of the FET mobility of Ph-BTBT-10 was shown to be as small as o10% in a study of 49 devices. 2 The FET mobility at room temperature was over 3 cm 2 Vs − 1 , even after being subjected to thermal stress at 200°C for 5 min. 2 As for the effect of thermal annealing, the X-ray diffraction patterns exhibited a clear change in the peaks at 3.4°and 1.7°before and after the thermal annealing, respectively, as shown in Figure 8b . These indicate that a mono-layer structure with a layer thickness of 26 Å was transformed into a bilayer structure with a thickness of 52 Å after the annealing, as shown in the schematic illustration of Figure 8b . In addition, a broad exothermic peak appeared in the temperature region of the DSC chart from 60 to 120°C, in accordance with this change, indicating crystallization by heating, as shown in Figure 9 . The quantum chemical calculation of the transfer integral for layered molecules produces a value of 8 meV, which cannot be ignored for carrier transport. Therefore, it is plausible that the enhanced mobility after the thermal annealing is due to the enhanced carrier transport channel, in addition to possible enhanced carrier transport within the molecular layers. All of these results indicate that a highly ordered smectic liquid crystalline organic semiconductor of Ph-BTBT-10 is a very promising material for OFETs.
SUMMARY
The current status of OFET materials including small-molecule and polymer OFET materials are reviewed, and the problems that remain for practical applications are discussed. As is described, the liquid crystallinity in soluble OFET materials is paid little attention but deserves further consideration. The novel liquid crystalline organic semiconductor of Ph-BTBT-10 is a good example that demonstrates how liquid crystallinity can be utilized to solve the problems of conventional OFET materials. Its high mobility of over 10 cm 2 Vs − 1 in polycrystalline OFETs, which is comparable to the FET mobility of single-crystalline OFETs, indicates a more practical approach to achieving high mobility compared to that of their inorganic counterpart oxide FETs. Thus, we conclude that liquid crystallinity can be a powerful booster that potentiates the superiority of small-molecule OFET materials for practical applications.
